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Plastic'scintillators were exposed in the external 920-MeV a-particle beam at &e 184-i~.  
cyclotron at Lawrence Radiation Laboratory. The beam-fiux monitor was llford 100- ~4 
pel!icles. The cross section for C12@,CW)C'1 was found to be 49.4i1.8 mb. 

INTRODUCTION 

Recent investigations of high-energy (>lOO-MeV/ 
N)' cosmic rays have disclosed a need for  spalla- 
tion cross  sections of nuclei in this energy range 
with protons and a particles. The interactions OC- 

cur both in interstellar space where high-energy 
nucleons collide with the interstellar gas (-9@ 
hydrogen and -10% helium),' and in the earth's 
atmosphere where the cosmic rays ("85% p and 
-15% a)" collide with the atmospheric oxygen and 
nitrogen. Of particular interest in the spallation 
reactions in interstellar space are those of the M 
group (C, N, 0) into the L group (Li, Be, B). 
Cross-section measurements for  the a + M group 
at E oL> 100 MeV/N are nonexistent. However, 
there are several indications that the spallation 
cross sections for the a + M group a re  on the aver- 
age twice that for protons: (1) Alexander and 
Y e k ~ t i e l i , ~  using an independent-particle optical- 
potential model, predict the reaction cross  section 
for (Y + C to be more than twice that for p + C. (2) 
Jain, Lohrmann, and T e ~ c h e r , ~  examining cosmic- 
ray a-particle interactions ( E  > 7 GeV/N) in emul- 
sion, find -2 nucleons of the a particle taking part  
in each collision. (3) a[C'*(x, m)C"], at 380 MeV, 
for x = (Y is approximately twice that for x =p.5* 
(4) Korteling and H ~ d e , ~  examining the cross  sec- 
tions for x + Nbs3 reactions yielding many products 
withA>67, withx=fi  a n d x = a  atE,=320-720 
MeV, find the cross  section for a to be approxi- 
mately twice that for p .  

If the above implications hold, then the interstel- 
lar helium will  produce -20% of the spallation prod- 
ucts in interstellar space, and the cosmic-ray (Y 

particles will produce -30% of the primary spal- 
lation products in the atomsphere. It was decided 
to determine some of these M ( a ,  ) L  cross sections, 
and I present here the C1'(a, an)C" cross  sec- 
tion, itself one of the M(a, ) L  reactions, which will 
also serve as a beam-monitor reaction for future 
experiments. 

EXPERJMENTAL ARRANGEMENT 

The experiment was performed with the external 
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920-MeV a-particle beam (see Appendix) i n  the 
medical cave of the 184-in. cyclotron at Lawrence 
Radiation Laboratory (LRL). A modification of a 
technique, developed by Cumming and Hoffman' 
and later by P o s k a n ~ e r , ~  was employed. The tar- 
get was a plastic scintillator (Pilot B)," and the 
flux monitor was an Ilford 100-1.1 L4 pellicle'' ex- 
posed perpendicular to the beam. The scintillator 
is an almost pure hydrocarbon, by weight 91.5% 
carbon and 5 0.5% nonhydrocarbon. The percentage 
of carbon is based, a s  is customary, on the total 
carbon (C" + C13) content. The number is derived 
from the formula CgHl, for the matrix material'" 
of Pilot B and from chemical analysis.' Both meth- 
ods agree to 0.2%. 

All scintillators were 3.81 cm d i m  by 0.32, 2.5, 
o r  5.1 cm thick. The C" gas loss  from the target 
for a-particle bombardment was taken to be the 
same as for proton bombardment. There should be 
negligible C" gas loss from all of the scintilla tor^.^^ 

(Fig. 1). To reduce the contribution of neutrons in 
the beam, the target was set  up 5 m from the beam 
portal with a helium bag (5-mil polyethylene end 
windows) occupying 4 m of that space. The target 
was 5 m (-23") from the undeflected beam. 

cross-section determination; positions (b)-(e) for 
secondary effects. In position (a) the target was 
prepared by attaching the scintillator to the pelli- 
cle with double-sided Scotch tape. The outline of 
the scintillator was traced on the pellicle with a 
pencil to locate the scintillator position after de- 
velopment of the pellicIe. The pellicle-scintilla- 
tor sandwich was wrapped light tight in black paper 
and mounted on 2-mil stretched Mylar. The ex- 
posures were for  7 sec, and the counting was be- 
gun about 9.5 min later. Initial count rates were 
-1000 counts/min. 

Positions (b) and (c) were to determine the cor- 
rection to an infinitely thin target. The 12.5 cm 
separating the upstream from the downstream scin- 
tillator served to reduce the solid angle exposed by 
one scintillator to the isotropic secondaries from 
the other. Both downstream scintillators are in the 
same beam environment and can be confidently 

Five different target arrangements were used 

Position (a) was the arrangement for the primary 
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SCINTILLATOR 

PELLICLE 

I- Wcm + 12.5cm --I I PELLICLE 

\ 

FIG. 1. Target arrange- 
ments. The a -particle 
beam is incident from the 
right. (a) Primary cross 
section determination. 
O-(e) Secondary effects. 

compared. Two unknowns were assumed: (1) con- 
stant beam scatter by the upstream scintillator, 
(2) defining ZFjl(x) as the relative cross  section 
for C" production in a target x cm thick to a tar- 
get of zero thickness, then ZFjl(x)=nx. Normali- 
zing on the upstream scintillator and intercompar- 
ing the downstream scintillators, the coefficient Q 

was found to be (0.26 f 0.10)% per  100-mg/cm2 poly- 
styrene. The correction for  the 0.32-cm-thick 
scintillator was (0.8 f 0.4)%. 

was estimated from the Zyll(x) found above. As- 
suming that (1) the coefficient a is independent of 
atomic weight, and (2) the ratio of the effect of ex- 
ternal to internal secondaries i s  2, the pellicle con- 
tribution was estimated to be (0.2*0.2)%. In target 
arrangements (c) and (d), by normalizing on the up- 
stream scintillators and intercomparing the down- 
stream scintillators, the effect of the pellicle was 
verified to be <2%. 

Arrangement (e) was  to determine the contribu- 

The contribution of the pellicle to the C" produced 

tion of neutrons in the beam to the C" production. 
Here a 0.32-cm scintillator was exposed on beam 
center, and a 5.1-cm scintillator and emulsion 
were exposed 20 cm off beam center (see Appen- 
dix); the assumption was made that the neutrons 
were unfocused. The neutron contamination was 
negligible. 

To determine the deuteron contamination of the 
beam a 200-1-1 G5 o r  a 200-c( Kodak NKG emulsion 
w a s  exposed for flat tracks prior to the first  and 
eighth runs. The deuterons a re  2Zmin and the ff 
particles are 8Zmin ( l Z m i n  is the minimum ioniza- 
tion-energy-loss rate of a singly charged particle), 
and their tracks are easily separable without re- 
sor t  to grain counting. No deuterons had been run 
for four months prior to the runs in position (a), 
and the deuteron contamination w a s  ~(0 .5  * 0.5)% 
and not included in the corrections. 

MEASUREMENTS 

Target counting. The scintillation detection 
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equipment was located in  the concrete-shielded 
cave of the Health Physics group at LRL. In ad- 
dition, to further reduce background, the photo- 
multipliers were surrounded by 5 cm of low-activ- 
ity lead bricks with an inner shield of 0.32-cm 
iron to absorb the lead x rays. The background in 
the 0.32-cm scintillators was 13-15 counts/min, 
constant within 3% for  each photomultiplier, vary- 
ing only from one photomultiplier to  another. 

On each photomultiplier (Amperex 56DVP or 
RCA 8575) was epoxied a Lucite light pipe shaped 
as a right circular cylinder 4.19 cm diam by 0.32 
cm thick. A thin disk 3.94 cm by 0.08 cm centered 
on the top surface of the Lucite was removed; the 
cavity served to  center the scintillator. The light 
pipe separated the scintillator from possible radio- 
activity in the photomultiplier glass (e.g., *') 
which would contribute to  the background, but 
primarily served as a scintillator holder. No re- 
duction in background was observed in the use of 
these light pipes. 

After exposure, the scintillator was detached 
from the emulsion and wiped by a moist Kimwipe 
to reduce static charge and possible 30-min-half- 
life effects8 (although this was never observed 
here). The scintillator was optically coupled with 
mineral oil to  the light pipe and wrapped with two 
layers of AI foil, diffuse face down. The problem 
of photocathode relaxation after white-light expos- 
u re  was overcome by taking advantage of the S11 
response of these photocathodes. The S11 response 
is down tyo orders of magnitude in the red region 
(A > 6200 A)" The mounting operation was per- 
formed in red light via a Kodak 5f-in. safe-light 
filter 1A with a 10-W bulb at about 1 m. 

Photomultiplier stability after this mounting 
technique was such that peak (Amz4' 60 keV) drifts 
were <2% from 10 sec after voltage was applied to 
the photmultiplier to over 5 h later. The whole 
system of preamplifier, amplifier, discriminator, 
and scaler was stable to i 1% variation over both 
short-time (minutes) fluctuations and long-time 
(days) drifts. 

was placed on the scintillator, and the 60-keV 
photopeak was observed with a 100-channel anal- 
yzer. The peak was then reaccumulated in antico- 
incidence with the output of a threshold discrimin- 
ator (connected in parallel with the analyzer to the 
output of the amplifier). The threshold w a s  ad- 
justed until the anticoincidence edge was on the 60- 
keV photopeak. The output of the discriminator 
was connected to a scaler, and all disintegrations 
giving rise to pulses greater than 60 keV were 
counted. The scintillator was counted for 2 3  half- 
lives with counts recorded at 2-min intervals. At 
this time the relative light collection efficiency of 

After mounting the scintillator, an Am241 source 

the scintillator and photomultiplier was deter- 
mined by a mapping of the scintillator with a colli- 
mated Am241 source, tabulating pulse height versus 
source position. Correction was made to the count- 
ing efficiency using the efficiency curve of Cum- 
ming8 at 60-keV discriminator threshold, and effi- 
ciencies of (94.0* 0 .5 ) '%~~* '~  for the 0.32-cm scintil- 
lator and (97.0i0.5)% for  the 2.5-cm scintillator 
were used. The Cumming efficiency curve was con- 
structed on the assumption that the light emission 
from the scintillator was a linear function of elec- 
tron energy deposition from 0 to 622 keV. No cor- 
rection was added here for the nonlinearity below 
100 keV. Background in the scintillators was deter- 
mined before and well after exposure. The change 
was negligible. 

The integral counts to each 2-min interval were 
least-squares fitted to a decaying exponential 
(20.35-min half-life)" plus constant background to 
determine the amount of C'' at the end of the ex- 
posure.17 The decay of C" during the 7-sec irradi- 
ation amounted to 0.4% and was corrected. The 
background was both fitted to and supplied. The 
fitted background agreed to within 20% with the em- 
pirically observed background, and the resulting 
differences in the initial quantity of C1' between the 
two calculations amounted to (0.5 rt 0.3)%. Since the 
background was very reproducible, the observed- 
background solution was used. The X2/(degree of 
freedom) for the curves were <0.3,18 except for 
two runs during which there was independent evi- 
dence that the apparatus was malfunctioning. These 
runs were not included in the calculations. 

As a search for a short-half-life particle [lo- 
min N13 from C'2((u, T)N13 and C13(al,fi3n)N13 charge 
exchange, o r  miscellaneous effects such a s  photo- 
multiplier relaxation o r  C'' gas loss from the tar-  
get], two higher-intensity runs differing by a fac- 
tor  of 10 in beam intensity were macle. The anal- 
ysis was carried out with a program LSQVMT '' 
which minimizes the x2 by an iterative gradient 
with a variable-metric algorithm. The two runs 
were intercompared when the count rate of the 
more heavily exposed target was the same a s  the 
initial count rate of the lesser exposed target. In 
the higher-intensity exposure the shorter half- 
lives would have decayed. Both decay curves gave 
"1% contamination, with a contaminant half-life of 
-10 min. No significant change in the half-life o r  
% contamination was observed between the two 
runs. Since the data accumulation method (visual 
readout) was considered accurate to only three sig- 
nificant figures, the above numbers a re  not con- 
sidered significant, and no correction was made to 
the C" results for contamination except to include 
an additional uncertainty of 1% in the amount of C" 
created. The heavily exposed scintillator was also 

' 
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used to determine the apparatus dead time. 
Pellicle. Three types of emulsion were consid- 

ered and tested for monitoring, 100-p Ilford G5, 
L4, and K2.l' The L4 was chosen over the G5 for  
two reasons. First, the developed Ag cross-sec- 
tion area of the plunging tracks was smaller by 
about a factor of 2 (-0.65-p diam for the L4 com- 
pared to "I-p diam for the G5) for the 8Zmin a 
particles. This permitted higher fluxes by a fac- 
to r  of 2 for  the L4. Second, the G5 accumulated 
electron tracks from the background. The L4, 
although supposedly equally sensitive to  these min- 
imum ionizing tracks, did not accumulate back- 
ground. The K2 was similar to the L4 in its 81min 
track cross-section area and in being free of back- 
ground. The L4 was chosen over the K2 because 
of the listed greater sensitivity of the L4," al- 
though this was not tested here. The possibility of 
deuteron contamination in the cyclotron (21 
was an argument for the use of L4. 

The L4 was able to retain distinct tracks with 
local fluxes of 1 X lo7 a/cm2. Above this number 
the tracks overlapped and intertrack areas were 
gray -perhaps from scattered light o r  spontaneous- 
ly developed grains. In target exposures, peak 
local fluxes of 1.5 X 107/cm2 were encountered and 
average fluxes were 4-6 X 106/cm2, an increase by 
over a factor of 2 from previous use. 

A dead-space correction assuming nonseparation 
of two tracks when the track centers were one track 
radius apart produced, typically, an expected 3% 
loss of tracks at local fluxes of 1 X lo7. The dead- 
space correction was performed on each 100-p2 
area counted on each plate. The scanning efficien- 
cy was checked by independent rescanning by a 
second scanner, and agreement was 100 f 2% 
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The pellicles were mounted using the "Heckman 
methodyyz1 and developed for  20 min in D-19 dilut- 
ed 1 : 6 at  (21 f 21°C. More than about 5000 tracks 
pellicle were counted in a 19-point scan pattern 
centered in  the etched outline of the scintillator. 
In one case -9000 tracks were counted. The scan- 
ning microscope contained a 1OOx objective and a 
25X ocular. A special 36-box grid reticle was cut 
for the microscope at LRL. The reticle area was 
calibrated on the microscope to 1% accuracy. 

function in  two ways: first, by a linear least- 
squares fit to a six-parameter area function1'; 
second, to a six-parameter product of a quadrafic 
in x and y. The coefficients in the latter case 
were determined by LSQVMT .19 Both procedures 
agreed to 1%. The ratio of flux contribution from 
higher-order terms to the uniform-flux term was 
4-8%, attesting to the uniformity of the beam. In 
addition, as a check on the above calculation, the 
flux was averaged over the 19 points and, assum- 
ing a uniform beam, the flux so determined agreed 
to within 2% with the area-fitted flux. The flux un- 
certainty was taken as 

The flux at the 19 points was fitted to an area 

X 2  [$ (.ai EJ X(degree of freedom) 

where F is the analytic expression for  the integrat- 
ed flux, and the ai are the six parameters. The 
resulting uncertainties are tabulated in Table I. 

ment o r  human failure in five runs. In Table I are 
tabulated the data, corrections, and e r r o r  esti- 
mates for the two good runs. The random e r r o r s  

There were seven runs in position (a) with instru- 

TABLE I. Corrections and er ror  estimates. 

Effect 
(units-error type") Run 5 Run 7 

C"in target at end of exposure (atoms-R) 
Target weight (g-R) 
Number of tracks counted 
Flux through scintillator (R) 
Reticle calibration (S) 
scanning efficiency (R, sib 
Scintillator position (R) 
Pellicle stretching (S) 
Extrapolation to thin target (S) 
Contribution of pellicle to C" (S) 
Track overlap in pellicle (R) 
Nonuniformity of photocathode (R) 

r m s  er rors  (R) 
r m s  er rors  (S) 

C'*(Ol, Oln)C" 

4.17 x104 (*I%) 
3.74 (4.5%) 

8896 
55.7 x106 (i2.8%) 

* 1% 
* 1%, *1% 
*0.5% 
*1% 

(0.86* 0.41% 
(0.2 +0.2)% 
(0.2 *0.2)% 

49.4 mb 
3.5% 
2.1% 

(0.3 *0.3)% 

4.19X io4 (*I%) 
4.575 (*0.5%) 

5850 
46.0 x106 (i5%) 

f 1% 
*l%, il% 

*1% 
*O .5% 

(1.06*0.5)% 
(0.2 i0.2)% 
(0.1 *O.l)% 

0.0% 
49.3 mb 
5.4% 
2.1% 

a R =  random, S= systematic. 
bThe scanning uncertainty of 2% was separated into 1% R and 1% S. 



- 2 C R O S S  S E C T I O N  FOR C ' 2 ( a , a n ) C ' '  at  9 2 0  M e V  797 

TABLE II. Cross sections for Cii production in CY and 
p irradiations. Errors are -5% in cross sections and 
-7% in ratios. 

E, @atEd @#(E,) o#(&%) 
(MeV) (mb) (mb). (mb) u,/u#(E,) uU/ufi($.Eu) 

380 58.1a Sb 67b 1.7 0.87 
920 49.4' 28.Ljb 38.0b 1.7 1.3 

'See Ref. 5. bSee Ref. 6. 'This work. 

and systematic e r r o r s  were separately r m s  com- 
bined and then combined for the final-error esti- 
mate. The statistical and random e r r o r s  of the 
mean are 2.1 and 3 . a .  The total e r r o r  is 3.%. 
The cross  section is 49.4* 1.8 mb. 

COMPARISON WITH PREVIOUS WORK 

Crandall e t  aL5 have measured U [ C ' ~ ( ~ ,  m)C"], 
with x = p ,  d,  He3, and CY; and for 380-MeV a parti- 
cles they find u = 58.1 f 1 mb (after correcting 2% 
for gas loss from their 515-mil polystyrene tar- 
g e t ~ ) . ' ~  Lindler and OsbornZ2 have measured 
u [ C ' ~ ( ~ ,  an)C"] from threshold to 380MeV and find 
u=48.5*5 mb at 380 MeV. A check exists on the 
Crandall et  al. measurements, as their a cross  
section was measured in the same manner as 
their p cross  s e c t i ~ n . ~ '  As the latter compares 
well with accepted valuesY6 the Crandall et  al. val- 
ue for  the (Y cross section at 380 MeV is taken. 

In Table II a re  tabulated E , (kinetic energy of 
the  CY),^^, up (at E a ) ,  up(at a E,, the same veloc- 
ity as the CY), and the ratio ua/up for the two pro- 
ton energies. The ratios of the two cross sections 
at the two energies are the same when using the 
proton energy equal to the total a kinetic energy 
(column 5) indicating that in this energy range the 
C"(r, m)C1'. cross section for different x appears 
to be dependent on the kinetic energy of x ,  not its 
velocity. 

APPENDIX 

Beam characteristics. There a re  two CY beams 
in the 184-in. cyclotron of approximately equal in- 
tensity and energy.24 During the preliminary 

beam focusing work, we found it impossible to 
bring both beams down the beam pipe and not 
strike the pipe. Consequently, the premagnet col- 
limator was  closed down allowing only one beam to 
pass  through the steering magnet. There was no 
collimation after the steering magnet. Prelimin- 
ary beam focusing produced a beam which was uni- 
form within *20% over 5 x 5  cm and rapidly fell off 
to <0.5% at 20 cm off beam center. During the 
course of the experiment, the range of the beam 
was repeatedly measured by the LRL Medical 
Physics group, who were operating under the same 
collimating and steering magnet conditions. Their 
range of 54-mm Cu to the Bragg peak and -55-mm 
Cu to the 50% beam reduction level, scaled by 
means of the proton range tables of Barkas and 
BergerYz5 gives a beam energy of 920 f 20 MeV. 
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